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Abstract: A liquid crystal (LC)-based optofluidic whispering gallery mode (WGM) resonator
has been applied as a biosensor to detect biotin. Immobilized streptavidin (SA) act as protein
molecules and specifically bind to biotin through strong non-covalent interaction, which can
interfere with the orientation of LCs by decreasing the vertical anchoring force of the alignment
layer in which the WGM spectral wavelength shift is monitored as a sensing parameter. Due
to the double magnification of the LC molecular orientation transition and the resonance of
the WGM, the detection limit for SA can reach 1.25 fM (4.7 x 10~'* g/ml). The measurable
concentration of biotin and the wavelength shift of the WGM spectrum have an excellent linearity
in the range of 0 to 0.1 pg/ml, which can achieve ultra-low detection limit (0.4 fM), i.e., seven
orders of magnitude improvement over conventional polarized optical microscope (POM) method.
The proposed optofluidic biosensor is highly reproducible and can be used as an ultrasensitive
real-time monitoring biosensor, which will open the door for applications to other receptor and
ligand models.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Biotin is a water-soluble B vitamin otherwise known as vitamin B7 (VB7) and vitamin H (VH).
Biotin is a vital nutrient for mammals since it is required for the synthesis of vitamin C (VC), the
maintenance of normal growth and development in the human body, and the proper metabolism
of fat and protein [1,2]. However, humans and other animals cannot synthesize biotin and
the biotin has to be obtained exogenously from food via the intestinal absorption or has to be
procuded endogenously via coliform bacteria. As a result, infant formula must be fortified
with biotin [3]. Currently available techniques for detecting biotin include microbiological
tests [4], high performance liquid chromatography [5], fluorescence assays [6], and enzyme-
linked immunosorbent assays [7]. These approaches, however, have a number of disadvantages,
including the complicated operation, the long detection time, and the low sensitivity. As a result,
the development of a rapid and highly sensitive biotin detection platform is required and critical.

Meanwhile, streptavidin (SA) is a tetrameric protein secreted by streptomyces. Similar to
avidin, SA can bind to biotin molecules with high specificity through non-covalent interactions.
This effect is the strongest non-covalent effect known so far, which is similar to the covalent
binding strength and has a strong affinity [8,9].

Liquid crystals (LCs) can provide very sensitive biomolecule detection due to their molecular
orientation-dependent behaviors to surface biomolecular binding processes. Biosensors that
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utilize the LC amplification primarily rely on the birefringence features of LC molecules in
combination with polarized light to detect target molecules [10—13]. The specific performance is
that LC molecules will change the homeotropic alignment due to the appearance of the target
biomolecules, which will lead to the transformation of the optical signal under the POM [14,15].
However, this method, which relies on the naked eye inspection, severely restricts the detection
sensitivity. Due to the exceptionally high Q factor, small mode volume, and ability to significantly
enhance the interaction between the light field and the matter in the cavity, WGM microcavities
have obtained significant research attention in recent years [16—18]. With the confirmed feasibility
of LC-based optofluidic biosensor in detection (via continuously monitoring the WGM spectrum),
and the optical design of the WGM based biosensor has employed the micro-resonator structure
to enhance the ability of light-matter interactions. The WGM micro-resonator made of silica has
the advantages of high sensitivity, low price, and stable structure. Molecular binding events at
the interface and external stimuli can trigger the orientation transition of LC molecules, and the
shift in the resonant wavelength arises from the change in the effective refractive index within
the WGM cavity. Compared with the conventional POM method by observing the change in
LC orientation with the naked eye, the spectrum of the WGM microcavity can be excited and
monitored with stronger merits. In the field of biochemical sensors, numerous benefits of the
WGM method have led to its widespread applications [19,20].

In this study, we demonstrate a sensitive LC-based optofluidic resonator and explored its
application for the detection of biotin. After modifying the microcavity with DMOAP, specific
concentration of SA was detected, and then various concentrations of biotin were injected into
the microcavity under the same concentration of SA to enable the detection of biotin molecules.
The sensing parameter was captured via monitoring the WGM spectral wavelength shift. Due to
the strong force generated by the combination of SA and biotin, the dual effects of LC orientation
change and the resonance of the resonant cavity trigger the shift of the WGM spectrum. A
higher concentration of biotin will induce a more dramatic transition in the orientation of the
LC molecules, magnifying the optical signal and enhancing detection sensitivity. In this novel
and exhaustive approach, biological targets can be detected by monitoring the WGM spectra of
resonant cavities, seven orders of magnitude higher than POM methods with naked-eye.

2. Materials and methods
2.1. Materials

The silica capillary used to fabricate the microcavity was purchased from Polymicro Inc.
(#TSP250350). The 4-Cyano-4 -N-Pentylbiphenyl as nematic LC (5CB) and Dimethyloctadecyl
[3-(trimethoxysilyl)propyl] ammoniumchloride (DMOAP, #A-FF032) to modify the internal
surface of the microbubble were obtained from Xianding Biotechnology Co., Ltd. (Shanghai,
China). Streptavidin (SA) (#S9171), biotin (#SB8530) and goat anti-human IgG (AHIgG)
(#PA101) were purchased from Solarbio Science & Technology, Co., Ltd. (Beijing, China).
Human IgG (HIgG) (#bs-0297P) and human cardiac troponin (CTnl) (#bs-41212P) was purchased
from Bioss Biotechnology Co., Ltd. (Beijing, China). Cobalamin (vitamin B12) (#WSS-B12
from Tianjin Shengbaihao Biotechnology Co., Ltd., Tianjin, China), folic acid (vitamin B9)
(#A57624 from Innochem, Beijing, China) and pyridoxine (vitamin B6) (#65-23-6 from Heowns,
Tianjin, China) were used for the specific detection. Infant formula used for real sample detection
was purchased from Feihe Dairy Co., Ltd. (Heilongjiang, China).

2.2. Preparation of microbubble and tapered fiber

In this study, the hollow microcavity is employed in the WGM optofluidic biosensor. Due to
the surface tension of silica capillary, WGM microcavity with the shape of microbubble can
be created by heating and pressing. The silica capillary was first heated and stretched using
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a centimeter-diameter hydrogen-oxygen flame. A digital microscope was used to observe the
expansion process after switching to a tiny fire with a millimeter-diameter fire flame and the
barometric pressure was continuously injected into the silica capillary. By adjusting the stretching
length, flame size, and additional pressure during the expansion process, the diameter and the
wall thickness of the microbubble chamber could be changed. In this study, microbubble of 190
um in diameter and 2-3 ym in wall thickness was produced. To keep the microbubble from
being damaged, UV adhesive is used to attach both ends of the microbubble to the copper tablet.
The microcavity is coupled via tapered fiber. Tapered fiber with diameter of 1-2 um can also be
produced using the flame-heated stretching technique [21].

2.3. Decoration of the inner surface with DMOAP and biomolecules

DMOAP at a concentration of 1 % (v/v) was injected into the microbubble at a flow rate of 0.7
uL/min for 30 min using a syringe pump. The excess DMOAP solution was then rinsed with
deionized water for 1 min. The configured SA with 10~ g/mL concentration was filled into the
microbubble for 1 h. Then the deionized water was used to remove excess protein molecules,
followed by different concentrations of biotin injected for 1 h for the detection of biotin. LCs
then injected into the microbubble with the same pumping setup. The syringe pump (#SPLab01
from Shenchen Precision Pump Co., Ltd., Baoding, China) was used to inject reagents into
microcavity.

2.4. Preparation of a LC optofluidic biosensor for SA and biotin detection

At one end of the microbubble, the syringe with LCs was connected to the silica capillary.
LC molecules were gradually fed into the modified microbubble at a pace of 0.7 uL/min by a
pump to avoid the signal instability due to the over fast injection of the LCs. By examining
the microscopical image and the laser spectrum, it is possible to determine whether LCs have
been loaded into the microbubble. A grooming light field surrounds the microbubble on the
microscopic image, and the spectrum appears denser. Simultaneously, the capillary at the other
end of the microbubble was sealed with the UV glue in order to ensure the stable air pressure in
the cavity and to prevent the flow motion of LCs. The automated pump was then switched off
and the data was recorded.

2.5. Optical setup

Polarized images were captured by a polarized light microscope (XP-203E, Changfang, Shanghai,
China). The input laser beam was generated, for the WGM sensing system, using a tunable laser
(Keysight 81607A, linewidth < 10 kHz) with a wavelength range of 1560 nm to 1580 nm. The
laser beam was then fed into the LC-based optofluidic microcavity through a fiber taper in order
to produce the WGM spectrum, which was then detected by the optical power meter (Keysight
81636B) connected to the PC.

3. Results and discussions

3.1. Effect of he microbubble diameter on the spectral response of an LC-based
optofluidic biosensor

In order to obtain intuitive detection results, we have investigated the polarization mode of the
WGM microcavity. For the homeotropic orientation of LCs without biomolecules added, the
TM polarization in which the electric field oscillates perpendicularly to the microcavity surface
experiences a higher permittivity along the long axis of the LC molecules, corresponding to the
extraordinary refractive index (n, = 1.67) [22]. In contrast, with the addition of biotargets, the
orientation of the LC molecules tends to become planar, with the TM polarization corresponding
to the ordinary refractive index (n, = 1.51). In accordance with the change in the orientation of
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the LC molecules, the WGM spectral response varies with the LC refractive index from n, to n,
[23,24], and a blue-shift phenomenon of the spectrum is observed.

A few microbubble resonators have been fabricated with diameters ranging from 190 ym to
260 pm at an interval of 15 um (190 um, 205 um, 230 um, 245 um, 260 um) in order to detect
the output WGM spectra. During the process of the preparation, parameters of the fire flame and
the stretching length are managed to ensure the comparable wall thickness of each microbubble
cavity. The free spectral range (F'SR) and the optical modes of the WGM microcavity is depicted
in Fig. 1(a) as a characteristic parameter to describe this biosensor platform (190 um). Fig. S1
illustrates the size dependence of WGM resonators by comparing the spectra of microbubbles
with different diameters. The F'SR is an important parameter for WGM resonators. Results
indicate that the FSR is dependent on the size of the micro-resonator, and is proportional to the
reciprocal of the diameter (1/D) of the resonator [25,26]. As the diameter of the microcavity
decreases, the FSR value increases, as seen in Fig. 1(b), which satisfies the relationship FSR ~
1/D.
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where n.y is the effective refractive index determined by the external environment and the
microcavity material, and D is the diameter of the microbubble.
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Fig. 1. (a) WGM spectra of LC-based WGM resonator from which the FSR can be estimated
to be 2.46 nm and the optical modes of WGM spectrum fitted to first order (g = 1) TM modes
from 615-618, and the second order (¢ = 2) TM modes from 602-605. (b) Relationship
between FSR and 1/D of the WGM micro-resonator. The FSR is proportional to the
reciprocal of the diameter (1/D) of resonator. The orange line represents the linear fitting
curve. (c) Electric field distribution for microcavity with wall thicknesses of 2 ym and 10
pm respectively.

In addition, the number of the WGM lasing modes in the LC-based optofluidic micro-resonator
can be calculated by following equation [24]:
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where R is the micro-resonator radius, n,=>t, a(q) is the roots of the Airy function [27]. L = —
for the transverse magnetic (TM) mode and L n, for the transverse electric (TE) mode. The R of
the proposed micro-resonator is 190 pm, refractive index n;=1.44 and ny= 1.67 for the silica and
extraordinary refractive index of LC. Theoretical calculation indicates that the WGM spectrum
fitted to the first-order (¢ = 1) TM modes from 615-618, and the second-order (¢ = 2) TM modes
from 602-605.
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To increase the detectable range of the micro-resonator, it is necessary to control the size of the
microcavity in experiment. When the FSR of the microcavity becomes larger, the response of the
microcavity sensor to an external signal can also be enhanced. The wavelength or the frequency
interval of WGM resonance peaks in adjacent longitudinal modes is extremely stable, hence the
FSR is an essential criterion for determining if the optical mode of the microcavity conforms to
the WGM. At the same time, since the energy of the evanescent field decreases exponentially
with the depth of penetration into the medium, the selection of microcavity diameter and wall
thickness is very important. The microcavity prepared by inflating and pressurizing the inside
of the silica capillary has a thicker wall thickness when the diameter is smaller [28,29]. A thin
microcavity wall thickness results in more WGMs being distributed inside the cavity, as shown in
the Fig. 1(c). When the wall thickness is greater than 10 ym, the WGM field distribution only
propagates along the silica region, and the interaction between light and biomolecules and the
orientation transition of LC cannot be monitored. In addition, LC molecules on the surface can
transmit variations in their orientations within a proximity (maximum 100 ym) to amplify the
sensing signal [30]. Therefore, in order to ensure a thin wall thickness and comprehensively
monitor the orientation changes of LC molecules, a microbubble cavity with a diameter of 190
um was finally selected.

3.2. LC-based optofluidic biosensor for SA detection

Based on LC and micron-scale WGM microcavity, a passive resonant cavity is designed,
and an optofluidic sensor amplified by LC is developed. The supersensitive monitoring of
protein molecules and small biomolecules at femtomole level is realized through the orientation
transformation of LC molecules. The incident laser emitted from a tunable continuous-wave
(CW) laser (as the pump source, from 1560-1580 nm) is transmitted efficiently through the
tapered fiber, exciting the WGM mode in the cavity by coupling the evanescent field with the
microcavity and then observed by the microscope with a charge coupled device camera, the
sensing platform is shown in the Fig. 2(a). With the addition of SA, the induced layer of LC
molecular orientation formed on the inner surface of the microcavity by the injected DMOAP
solution (which orientates LCs homeotropically) will be disturbed by biomolecules, reducing
the vertical force on the LC molecules. Using a tunable bracket, a precise adjustment can be
achieved to control the distance between the tapered fiber and the microbubble cavity, as shown
in Fig. 2(b), in order to achieve the phase matching and the evanescent field coupling. The
interplay of light and analyte also happens on the inner surface of the microcavity. At this point,
LC molecules will be aligned horizontally.

At 1073 g/ml SA, the maximum signal response reaches 2.2 nm and the spectral changes
are shown in Fig. 3(a). The total wavelength shift of the spectral response behaves linearly
over the concentration ranges from 10~ g/ml to 107!2 g/ml (Fig. 3(b)). On the basis of the
fitted curve, it is determined that the limit of detection (LOD) is 1.25 fM (4.7 x 10~13 g/ml).
At concentrations below 1070 g/ml, the POM detection method can no longer detect the the
concentration of SA. Therefore, the WGM spectral shift caused by the orientation change of the
LC in the microcavity enables the protein concentration sensing, and this simple, high-sensitivity,
and compact protein assay detection platform provides a new promising and feasible solution for
biosensing applications.

3.3. LC-based optofiuidic biosensor for biotin detection

A well-known receptor-ligand model, biotin—avidin binding is used to amplify and transduce
receptor-mediated binding. With an affinity constant of 10! L/mol, the non-covalent SA-biotin
binding provides a general bridge for many diverse applications which are commonly used to
detect and monitor specific biological targets due to the exceptionally strong binding affinity [31].
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Fig. 2. Schematic of the (a) LC-based optofluidic sensing experimental platform. The
WGM spectrum was acquired by coupling light from a tunable laser into an LC-amplified
optofluidic resonator through a fiber taper and then observing it with the computer connected
to the optical power meter. (b) The distance between the tapered fiber and the WGM
microcavity is adjusted by the displacement stage. (c) Illustration of the LC-based optofluidic
biosensor for biotin detection. The homeotropic orientation of LC molecules induced by
DMOAP is disturbed due to the presence of SA and the specific binding of SA to biotin.
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After immobilizing DMOAP and a constant concentration of SA (10~ g/ml) on the internal
surface of the micro-resonator, various concentrations of biotin solutions were added for detection.
It is anticipated that biotin would bind to SA, and can thereby weaken the vertical anchoring
force of DMOAP on LC molecules, to increase the amount of spectral shift. The arrangement
direction of LC molecules is relatively disordered when the nematic LC (5CB) stays alone. By
observing POM images of the LC microcavity, the rule of the change in the LC orientation during
the biotin detection is obtained. The characteristics of the polarized light are used to examine
the alignment of LC molecules in the microbubble. Throughout the experiment, both DMOAP
and biotin are adhered to the inner surface of the microbubble. As a result of the interaction
between biological and LC molecules, the theoretical orientation of LC molecules is shown in
Fig. 2(c). It is observed that when LC molecules are aligned homeotropically due to the DMOAP
coating, the polarized light cannot pass through the microbubble. The dark background in the
middle of the microbubble is attributed to the homeotropic alignment of LC molecules [32]. The
infusion of biotin changes the center of the microbubble into a bright polarized optical image.
Different concentrations of biotin correspond to different POM images of LCs observed by the
naked eye were obtained after 15 mins, as shown in Fig. S2. According to POM images of biotin
at high concentrations, the self-assembled configuration of LCs was modified, and the biotin
molecules resulted in LC molecules being rearrangement [33]. However, for low concentrations
of biomolecules (less than 1077 g/ml), it is difficult to detect small changes in LCs through POM,
and the detection sensitivity is inadequate. Consequently, it is demonstrated that the strong
non-covalent interaction between SA and biotin molecules can change the alignment of LC
molecules.

Although the POM detection method can handily reflect the approximate concentration range,
it cannot quantitatively and precisely obtain the specific concentration of biotin. It relies mostly
on the naked eye inspection, which is incapable of quantitatively analyzing the variation of
the internal response of the microbubble and suffers from the low sensitivity, which hinders
the development of LC-based biosensors. Correspondingly, our optofluidic biosensor has high
sensitivity and is an effective way to replace naked eye detection.

According to our previous study, the injection of LC into the micro-resonator using a syringe
pump at a low flow rate (0.7 pL/min) can assure sufficient intermolecular reflection and increase
the sensitivity of the LC-based biomolecule detection. WGM spectral data recording began from
15 seconds after the LCs reached the optofluidic resonator and ended at 15 mins after the start,
in order to avoid the measurement instability caused by an excessively rapid spectral shift at
the beginning and to prevent halting the experiment before the completion of the spectral shift.
Fig. S3 illustrates the stability of the optofluidic biosensor in the absence of biomolecules (with
DMOAP and LCs only), where there is a minimal spectral wavelength shift, caused by the laser
instability. The spectral curves of biotin concentrations of 107'” g/ml and 10~ g/ml at O min,
1 min and 15 mins are shown in Fig. 4(a) and Fig. 4(b), and a significant spectral shift can be
observed. The WGM spectral response demonstrates a redshift tendency first followed by a
blueshift trend. The redshift deviation is registered as the value of positive number, while the
blueshift deviation is recorded as the value of negative number. The total wavelength shift refers
to the sum of the absolute values of the redshift and the blueshift. The red shift occurs due to
the absorption behavior of biomolecules. The interaction between the evanescent field formed
on the outer surface of the microcavity and the biomolecules polarizes the molecules, leading
the shift of the photon energy of the resonant state, and changes the frequency of the resonant
wavelength [34]. Therefore, the wavelength response in the transmission spectrum comes from
the combined action of the interfacial adsorption of biomolecules and the orientational transition
of LCs. The real-time monitoring spectra at concentrations of 10~ g/ml to 10™!3 g/ml are
shown in the Fig. 4(c). To demonstrate the repeatability of the biosensing platform, the same
micro-resonator was utilized in three consecutive experiments with different concentrations of
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1073 g/ml, 1078 g/ml and 10~!3 g/ml, ensuring a highly repeatable and stable spectral signal

response performance of the sensing platform (Fig. S4).
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Fig. 4. (a) WGM spectral shift at a biotin concentration of 10710 g/ml. (b) WGM lasing
spectra of LC-based optofluidic micro-resonator recorded after 15 min of 1073 g/ml biotin
addition. (c) WGM laser spectrum shift of the LC-based optofluidic micro-resonator under
the highest and lowest 1073 g/ml and 10713 g/ml.) biotin concentrations be monitored
in real-time within 15 mins. (d)The overall wavelength shift responses under different
concentrations of biotin (103 g/ml to 10~!3 g/ml). The spectral shift has a linear relationship
with the concentration of biotin.

A significant improvement in wavelength shift was observed when biotin was added at different
concentrations in comparison to SA alone. Based on section 3.2, the sum of the wavelength
shift at the concentration of 10~ g/ml SA is about 2.2 nm. The total wavelength shift of WGM
spectra with respect to different concentrations of biotin was recorded as shown in Fig. 4(d). It is
shown that the combination of biotin and SA increased the total distance of WGM spectral shift.
At a fixed SA concentration, the total shift experienced by the spectral increase becomes larger
as the biotin concentration increases. Therefore, we can speculate that the strong non-covalent
force generated by the combination of biotin and SA can drastically disturb the alignment of
LC and promote the interaction between biomolecules and LC molecules. As a consequence,
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it could theoretically be used to make a more sensitive biomolecular sensor. Based on the
curve-fitting, the detection limit of our LC-based WGM optofluidic platform is approximately
0.4 fM (9 x 10~'4 g/ml), which is compared with other methods for biotin detection illustrated in
Table S1. Consequently, it can be demonstrated that the specific binding created by the addition
of biotin can induce the alignment transition of LC molecules. There is a more pronounced
spectral shift due to the specific binding of SA-biotin upon addition of biotin. Therefore, further
combination of nanoparticle amplification is expected to develop biotin sensors with higher
specificity and sensitivity [35,36].

In addition, to verify the feasibility of the sensor for sensing other proteins and specifically
bound ligands and receptor models, human immunoglobulin (HIgG) and human cardiac troponin
(CTnl) were tested (Figure S5), and the detection limits were 1.3 x 1071° g/ml and 1.09 x 10~1°
g/ml, respectively. The results show that the optofluidic sensor has universal detection of protein
molecules and high sensitivity. At the same time, 1 mg/ml HIgG and different concentrations
of goat anti-human immunoglobulin (goat AHIgG) were used as receptor and ligand models to
detect goat AHIgG. For specific binding events, the wavelength shift of WGM spectrum can
reach 4.14 nm, and the detection limit of goat AHIgG is lower, demonstrating the high specificity
of the sensor. The proposed LC-based WGM optofluidic sensor can be used as a cost-effective
tool for early disease diagnosis.

3.4. Selectivity of a LC-based optofiluidic biosensor for biotin detection

The optofluidic sensing platform based on LC amplification is designed on the basis of the non-
covalent binding of biotin to SA. In order to illustrate the specific selectivity of the sensor, various
B vitamins, including pyridoxine (vitamin B6), folic acid (vitamin B9), and cobalamin (vitamin
B12), have been applied as the specific identification capacity substance. The concentration of
all chemicals were determined to be 10> g/ml, and microbubble with the same diameter and
wall thickness was utilized. The spectrum shifted dramatically only in the presence of biotin,
whereas the spectrum shifted similarly in the presence of SA and the control group. This result
demonstrated that B6, B9 and B12 are incapable of triggering a large change in the alignment of
LC molecules and thus cannot lead to a significant wavelength shift, as displayed in Fig. 5. The
selectivity of LC-based optofluidic sensors to detect biotin may be a result of the high-affinity
binding of SA-biotin and the following competition produced by the binding event.

4

‘T'otal Wavelength Shift (nm)

()

Tnnl

SA+B6 SA+B9 SA+BI12 SA+Biotin

Fig. 5. WGM spectral response of LC-based optofluidic biosensor to different substances
(B6, B9, B12). All the compounds are 1073 g/ml.
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4. Detection of biotin in real samples

To further determine the practical applicability of the LC-based optofluidic sensing platform to
real samples, infant formula purchased from local supermarket have been applied in experiment.
The formula milk powder with known biotin content was selected as the matrix, and biotin
standards of different concentrations were added to carry out the recovery rate experiment. The
purchased infant formula is known to contain 16 ug of biotin per 100 g. A solution with a
concentration of 16 ng/ml was prepared from milk powder by high temperature inactivation of
protein and centrifugation. As shown in Table 1, biotin with concentrations of 10, 100, 200,
500 ng/ml were added into the diluted formula milk separately. Recovery rates of 93.5% for 10
ng/ml, 98.8% for 100 ng/ml, 103.7% for 200 ng/ml, and 104% for 500 ng/ml have been achieved,
respectively. This demonstrates that the performance of the optofluidic sensor is quite accurate
and reproducible, and can be applied to the practical sample detection.

Table 1. Recovery experiments of determination of biotin in infant formula

samples
Biotin addition (ng/ml) Measured amount (ng/ml) Recovery rate (%)
0 16 -
10 25.35 93.5
100 114.79 98.8
200 223.47 103.7
500 535.92 104.0

5. Conclusions

In this study, we developed a highly sensitive optofluidic resonator that employs LC amplification
for quantitative analyses of biotin and SA. Biotargets immobilized in the modified WGM micro-
resonator trigger an orientational transition of LC molecules, which can be amplified and used to
assess the concentration of target molecules via wavelength changes. It is found that the overall
WGM spectral shift is proportional to concentrations of the biotin and the SA and the detection
limit can reach as low as the femtomole-level. It is also verified that this developed biosensor
exhibits good selectivity for the biotin detection due to the high specificity and the strong non-
covalent binding between SA and biotin. Our LC-based optofluidic WGM biosensor is capable of
detecting various types of protein molecules and models of other receptor-ligand binding, which
provides a high-sensitivity, fast-response and low-cost solution for the ultrasensitive label-free
protein detection.
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